Abstract: The authors propose a new hidden pilot scheme equipped with precoding and its application to orthogonal frequency division multiplexing-ultra-wideband (OFDM-UWB) systems. The proposed scheme can be thought of as an improvement over conventional hidden pilot schemes. By carefully designing precoder and hidden pilot from the view point of frequency diversity, channel estimation and the peak-to-average power ratio (PAPR), more frequency diversity gain and reduced PAPR can be achieved. In addition, the authors can support more pilots to estimate a channel providing mitigated self-interference between data symbol and hidden pilot with almost no loss of bandwidth efficiency in OFDM-based UWB communication systems. The authors show improved performance of the proposed scheme over the multiband OFDM scheme through simulations in a realistic UWB channel environment.
Introduction
Demand will soon appear for low-cost, high-speed wireless links for short-range communications. Such links will replace many wired connections used for transmitting data. A high data rate ultra-wideband (UWB) system that can support several hundred megabits per second (Mbps) is one of candidate solutions to provide these features. Since the 1990s, UWB communications have been attracting great interest from academic and military research communities. In UWB systems, available information is spread over an ultra wide bandwidth with low power, leading to a low spectral density and low interference. For this reason, the Federal Communications Commission (FCC) issued a first report and order in 2002 allowing limited unlicensed operation of UWB devices [1] . This triggered a flood of research and development activity in the industrial community, and the IEEE established a standardisation body called IEEE 802. 15 .3a for developing a PHY-layer standard for high data rate communications based on UWB. The goal of this standard is to achieve a data rate of 110 Mbps at a distance of 10 m and up to 480 Mbps at shorter distances.
UWB systems can be divided into single-and multiband groups according to their band allocation strategy. The most commonly used singleband UWB radio system is the time-hopping UWB system [2, 3] . Direct-sequence UWB is also popular [4] . The multiband approach divides the allowed spectrum into several bands. The orthogonal frequency division multiplexing (OFDM) scheme is the most widely considered as one of candidate solutions for multiband UWB [5 -7] . Especially, multiband OFDM (MB-OFDM), which was firstly proposed for the physical layer within IEEE 802. 15 .3a, is the most well-known scheme [5] . Now the scheme becomes the first UWB standard, ECMA-368 [8] after the failure of IEEE 802.15.3a standardisation. In this method, the available frequency spectrum is divided into several bands of 528 MHz width each. Only one such band is used at a time and the used band is changed every 312.5 ns. During each 312.5 ns interval, one OFDM symbol is transmitted.
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One of the main advantages of UWB transmission is the possibility to provide a large amount of available frequency diversity. However, pure OFDM offers no frequency diversity [9] . In order to increase the frequency diversity, the MB-OFDM proposal for the IEEE 802. 15 .3a standard proposes three measures. First, in all modes, convolutional coding is used. Appropriate coding recovers a large part of the possible diversity, as it distributes the symbols associated with a certain information bit among different OFDM tones. Second, an interleaver distributes (coded) symbols belonging to a certain information bit among different frequency bands. Finally, repetition diversity is introduced by using time-frequency codes for the 110 MHz and 200 Mbps modes. Although these measures go a long way towards recovering frequency diversity, they are not sufficient under all circumstances. For the 480 Mbps mode with a convolutional code rate of 3/4, a particularly significant performance loss is observed [5] . To support adequate diversity, we can select stronger code or repetition diversities. However, we have to tolerate a loss in the achievable data rate (or bandwidth efficiency), which is an important factor in high-data-rate communication systems.
In the case of the MB-OFDM proposal, the channel state information (CSI) should be known at the receiver for equalisation. For this reason, the MB-OFDM proposal uses six symbols as a preamble for initial channel estimation. In addition, a total of 12 pilot tones (subcarriers) out of total 128 tones are utilised for estimating the carrier frequency offset and the variation of the channel during one packet transmission interval. However, the need for a preamble and pilot tones also reduces the data rate (or bandwidth efficiency) and these pilot sequences are not even sufficient for channel estimation [10] because of the long delay spread of the UWB channel.
Another important issue in MB-OFDM is the peak-toaverage power ratio (PAPR), which is a common consideration in all OFDM-based communication systems. If the PAPR is too high, the system suffers from symbol amplitude distortion and power leakage. Otherwise, the MB-OFDM system requires a highly linear amplifier with high-quality analogue-to-digital (A/D) and digital-toanalogue (D/A) converters to represent the whole amplitude range of the transmitted symbols. These factors result in reduced power efficiency and an increase in the implementation complexity of the system, which undermines the purpose of UWB communication systems.
We suggest a new way to circumvent these problems. The objectives of this paper are (1) to provide more frequency diversity gain without reducing the overall data rate (bandwidth efficiency); (2) to support enough pilots to estimate the channel without decreasing additional bandwidth efficiency; and (3) to reduce the PAPR with improved power efficiency in OFDM-based UWB communication systems. As a solution, we propose an OFDM-UWB system with a hidden pilot equipped with a precoding scheme. This kind of scheme, which linearly precode symbol blocks with hidden pilot symbol blocks, is also called as 'affine precoding' although the type of affine precoders is not specified [11] .
The rest of the paper is organised as follows. After describing the system framework (Section 2), we derive the criteria needed for designing a precoder and hidden pilot from the perspective of channel estimation, frequency diversity and PAPR (Section 3). Then, a precoder and hidden pilot is designed based on the design criteria providing more frequency diversity, reduced PAPR and mitigated self-interference for channel estimation with almost no loss in bandwidth efficiency (Section 4). Simulations are presented to corroborate the improved performance of the proposed scheme over MB-OFDM in an actual UWB channel environment (Section 5).
System description
We consider the overall system framework of the proposed scheme depicted in Fig. 1 .
At the transmitter, the ith input block s(i) of size M Â 1, consisting of M modulated symbols, such as M-ary PSK symbols, is first passed through an N Â M precoder matrix P. Then, the N Â 1 block of hidden pilot symbols t is added to the precoded symbol block. After performing the N-point inverse fast fourier transform (IFFT) operation, we obtain the N Â 1 symbol vector
where F denotes the N Â N fast fourier transform (FFT) matrix with (m, n)th
t are IFFT versions of precoder P and hidden pilot symbol t, respectively. Before transmission, a cyclic prefix (CP) of length L CP is inserted to obtain
where
represent the identity matrix of size L CP and the L CP Â (N 2 L CP ) zero matrix, respectively. Then, u CP (i) is parallel-to-serial to u CP (k), D/A converted at rate f s and transmitted as u CP (t) through the channel.
The UWB channel impulse response h(t) is modelled by [12] 
where fa i,j g are the multipath gain coefficients, fT i g the delay of the ith cluster and ft i,j g the delay of the jth multipath component relative to the ith cluster arrival time (T i ). Then, the received signal r(t) over the UWB channel is where n(t) is zero-mean additive white gaussian noise and Ã stands for the convolution operator.
At the receiver, we assume perfect timing and carrier synchronisation and sample the received signal at the symbol rate f s . Then, we collect N þ L CP noisy samples in an (N þ L CP ) Â 1 received vector r(i) that can be expressed as denotes discrete finite impulse response (FIR) channel taps of order L generated by sampling h(t) at a rate f s and n(i) also refers to a discrete sampled version of n(t). Next, the CP inserted at the transmitter is discarded from r(i) to obtain
To eliminate the interference caused by the previous symbol block, we assume that the CP length L CP is larger than or equal to the channel order L, which results in R CP H 1 T CP ¼ 0. Then, (6) can be rewritten as
column-wise circulant matrix with the first column b; and in deriving (7) we used the commutativity of circular convolution to obtain Hb ¼ Bh.
Design criteria
We will now address some criteria for designing a precoder and hidden pilot with the goal of performance improvement from the perspectives of channel estimation, frequency diversity and the PAPR over MB-OFDM. Before moving forward, we assume the following:
A1. The information symbol vector is zero-mean, stationary, with a correlation matrix
where P s represents the total transmitted symbol power.
A2. The noise vector is zero-mean, Gaussian, with correlation a matrix
A3. Each channel tap h(l ) is zero-mean, complex Gaussian with a variance s h l 2 and channel taps are independent of each other.
A4. The frequency response of the channel is zero-mean, Gaussian with a correlation matrix
, which follows from A3.
In the UWB channel model [12], A3 and A4 are justified because the frequency response of the IEEE 802.15.3a UWB channel model is known to converge to a Gaussian distribution when the channel order L is large [13] .
Channel estimation criterion
First, we consider the channel estimation scheme and error performance. From that, we derive criteria for designing the precoder and hidden pilot. Note that we estimate the channel in the time domain and convert it to the frequency domain, instead of directly estimating the channel in the frequency domain. It is known that we can obtain denoising effect by converting the time domain estimated channel to the frequency domain. This is because the www.ietdl.org number of channel taps to be estimated in time domain is usually less than the number of tones to be estimated in the frequency domain. Therefore we can reduce the number of taps affected by noise. In addition, we have to estimate the channel in the time domain to estimate the channel based on the hidden pilot concept.
Before channel estimation, we pre-process the received signal r CP (i) in (7) with known hidden pilots to remove the interference to hidden pilot symbols caused by data symbols, and we obtain
From (8), we notice that the interference caused by the data symbol block can be eliminated when
If we let A i be a column-wise circulant matrix with the ith column of A as the first column, which we denote as a i , we can represent HA as follows
Here, we use the commutativity of the circular convolution Ha i ¼ A i h for all i since H is circulant. On the basis of this, we find that v(i) ¼ B H HAs(i) goes to 0 if and only if B H A i h approaches 0 for all i in [1, M] . Because the latter holds true for any h, we arrive at the following design criterion of the precoder and hidden pilot.
Let us define the channel estimation error ash ¼ h Àĥ, whereĥ denotes the estimated channel. For a given matrix B H B, the linear minimum mean square error (MMSE) channel estimator and corresponding MMSE are given by [14] ĥ
and
(By appling the matrix inversion lemma)
If we apply the arithmetic -geometric mean inequality [15] to (11), we can show that
Applying the arithmetic -geometric mean inequality again, we have
and hence
The inequalities in (12), (13) and, hence, also in (14) hold with equality if the term in the trace [ . ] operation 
Frequency diversity criterion
Next, we investigate the frequency diversity capability of the proposed scheme. From that, we also derive a criterion for designing a precoder and hidden pilot. At the receiver, the received signal r CP (i) is injected into the FFT block to obtaiñ
where D H ¼ diagfh F g indicates the diagonalised frequency response of the channel h. Because the hidden pilot, which are utilised for channel estimation, is no more needed, it is extracted from the received signal by using the estimated channel in (10) as follows
the diagonalised frequency response of the estimated channelĥ and channel estimation errorh, respectively. By using the estimated channel, we rewrite x(i) as shown below
Now we consider a linear MMSE receiver, which is known to improve the system performance in the presence of deep fading in the channel. Let us define G(i) as M Â N coefficient matrix of the MMSE receiver. Then, the output of the MMSE receiver can be described aŝ
Let us defines ¼ s Àŝ as the symbol estimation error. Then, the MMSE receiver and the corresponding symbol error covariance matrix R~s are given as [14] 
(by appling the matrix inversion lemma)
R~s is diagonalised. Then, the mth diagonal element of R~s, corresponding to the error variance of each symbol s m 2 (i), is written as
where p m,n denotes the (m, n)th element of the precoding matrix P;Ĥ (W n ) andH (W n ) refers to the nth diagonal element ofD H andD H ; W ¼ e 2j2p/N . From (22), we notice that the error variances of all the symbols are the same if PP H ¼ (M/N ) I N is guaranteed. Therefore we can say that by carefully designing precoder, it can support an averaging noise effect in the frequency domain, can spread each symbol power over the entire transmission bandwidth and, as a result, can achieve a high degree of frequency diversity. Moreover, the quantities s m 2 (i) are upper-bounded by P s /M. When some channel gains approach zero because of deep fading, the error variance of each symbol does not go to infinity.
In addition, we should bear in mind that the precoding matrix P should satisfy P H P ¼ I M to re-combine each symbol power that was spread over the entire transmission bandwidth without causing interference to other symbols.
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On the basis of the information above, we can establish the following criterion for designing a precoder and hidden pilot.
Criterion 3: PP
H becomes (M/N ) I N , P H P goes to I M , and tt H approaches (P t /N) I N as much as possible.
PAPR criterion
Finally, we consider the PAPR reduction capability of the proposed scheme. In the following derivation, we omit the symbol index i for notational simplicity.
To begin with, we rewrite each precoded OFDM symbol with hidden pilot represented in (1) as follows
where s m denotes the mth element of a modulated symbol vector s; i(k) and b(k) indicate the information and hidden pilot symbol parts of the transmitted symbol, respectively. Then, the PAPR is defined as
Therefore the PAPR is reduced either by decreasing the peak power (max k fju(k)j 2 g goes down) or by increasing the average power (Efju(k)j 2 g goes up ). In the PAPR reduction schemes reported in the literature, most research has focused on the peak power. However, since the power amplifier in a communication system is limited in peak power because of linearity, and its efficiency is determined by the average output power, it makes sense to investigate PAPR reduction methods that aim at increasing the average power while keeping the peak power fixed. This is also good for low-power consumption and low complexity (cost) implementation of the system, which are the main purposes of UWB communication systems.
Under assumption A1 and Criterion 3, we can determine that the information symbol part i(¼As) of the precoded OFDM symbol vector u is also zero mean, with a correlation matrix R i ¼ Efii 
, is independent complex Gaussian distributed with a time varying mean b(k) and a variance P t /N. Then, we can derive the complementary cumulative distribution function (CCDF) of the PAPR, which indicates the probability that the PAPR exceeds a certain threshold value g as follows
where a ¼ P t /P u refers to the pilot power allocation factor and P u ¼ kuk 2 ¼ P s þ P t denotes the total transmitted power. The detailed derivation of (25) is given in Appendix 1. Fig. 2 shows how the PAPR is affected by the power allocated to the hidden pilot P t using (25). We can see that CCDF decreases as a increases. From the figure, we can derive the following design criterion of a hidden pilot.
Criterion 4: Under the Criterion 3, which satisfies the power of the hidden pilot to be constant as jb(k)j 2 ¼ P t /N for all k, the total power of the hidden pilot P t should increase (a goes to 1) to reduce PAPR.
Design procedure
In the previous section, we derived four criteria for designing precoder and hidden pilot from the perspectives of channel estimation, frequency diversity and PAPR reduction. On the basis of these criteria, we discuss how to design a precoder and hidden pilot in a realistic UWB environment.
As mentioned before, the UWB channel is a highly dispersive channel that has a long delay spread. From (6) and (7), we know that the length of CP (L CP ) should be larger than or equal to the channel order L. In the case of the MB-OFDM proposal [5] , the CP duration is set to 60.6 ns over a symbol duration 242.4 ns. This long CP length is inevitable because of the long delay spread of the UWB channel and much longer than any other OFDM-based communication system, such as W-LAN (IEEE 802.11x) and W-MAN (IEEE 802.16x). To estimate the channel in the MB-OFDM proposal, six OFDM symbols are used as a preamble for initial channel estimation and 12 pilot tones among a total of 128 tones are used for updating the initial channel estimation during one packet transmission. However, the need of preamble and pilot tones reduces the achievable data rate (or bandwidth efficiency). In addition, it is even insufficient for accurate channel estimation because the number of pilot tones for accurate channel estimation is recommended to be larger than the channel order [10] . (In the case of the MB-OFDM scheme, the CP length is 32 because the CP duration of 60.6 ns is sampled at an MB-OFDM sampling rate 528 MHz. Therefore the maximum channel order will be 32, which is greater than the number of pilot tones.)
Design considerations
The objective of this section is to design precoder and hidden pilot, which (1) provides more pilot tones than the channel order to obtain accurate channel without reducing bandwidth efficiency (2) satisfies the four design criteria to provide more frequency diversity, reduced PAPR, mitigated self-interference for channel estimation and almost no loss in bandwidth efficiency.
From (1), we can notice that the size of precoded symbol vector u(i) should be equal to or slightly larger than the size of modulated symbol vector s(i) in order to transmit the modulated symbol to minimise the loss of data rate (or bandwidth reduction). In addition, we know that the length and the non-zero element of hidden pilot vector should be larger than the channel order. From Criterion 1, we can induce that the hidden pilot and column vectors of precoder should have the low level of periodic crosscorrelation as possible. Additionally, we know that the auto-correlation of hidden pilot should be high as possible from Criterion 2. To satisfy Criterion 3, columns of precoder and hidden pilot should be orthogonal to each other, and should be the subset of the unitary matrix.
Design procedure
On the basis of the design considerations introduced in the previous subsection, we design the precoder and hidden pilot and confirm graphically whether the designed precoder and hidden pilot agrees with the design criteria.
Step 1. Make a p-ary m-sequence s(n) of length N l ¼ p r 2 1, where p and r (.1) denote the prime number and an integer, respectively.
Step 2. Generate N l numbers of sequence set C as follows
Step 3. Design the precoder and hidden pilot using sequence set C as shown below
where P is an (N l þ 1) Â (N l 2 1) precoder matrix and t denotes an (N l þ 1) Â 1 pilot symbol vector.
For designing a precoder and hidden pilot, we utilise the properties of polyphase sequence [16] . Now, we determine whether the designed precoder and hidden pilot agree with the design criteria by providing a design example. Table 1 shows design parameters of an example. On the basis of these design parameters, the precoder Pof size 128 Â 126 and hidden pilot symbol vector t of size 128 Â 1, with corresponding A ¼ F H P and b ¼ F H t, are generated by following the design procedure described above. With this example, we confirm the suitability of the design by checking the four design criteria. Fig. 3 shows the graphical confirmation of each design criterion.
From the figure, we can notice that the proposed precoder and hidden pilot satisfies the overall design criteria.
Maximum bandwidth efficiency
To highlight the advantage of the proposed design, we investigate the bandwidth efficiency of the proposed scheme. The maximum bandwidth efficiency, which is highly related to the maximum data rates of the proposed scheme, is given by
From (32), we can see that as N l increases, the maximum bandwidth approaches 1 as follows
Therefore there is almost no data rate (or bandwidth) loss in the proposed scheme, which is impossible in the www.ietdl.org conventional MB-OFDM proposal because of insertion of preamble symbols and pilot tones.
Simulation results
We studied the performance of the proposed scheme and compared it with the MB-OFDM scheme for UWB wireless communication systems. Table 2 shows the system parameters used for simulations.
The total transmitted power is normalised to 1. Uncoded QPSK modulation is used for all simulations. We performed a total 1000 Monte Carlo runs. For each run, the indoor UWB multipath channels were randomly selected from the 100 UWB channel realisations reported in [12] . Fig. 4 shows the channel estimation performance of the proposed scheme according to the power load on the pilot symbol P t in non-line-of-sight channel models 2 and 3.
In Fig. 4 , the analysis and lower bound graph are based on (11) and (15), respectively. We can see that the channel estimation performance of the proposed scheme improves as the power load on the pilot symbol P t increases. However, there is a performance gap between the lower bound and the simulation (and analysis) results because the proposed precoder and hidden pilot does not perfectly satisfy the design Criteria 1 and 2. However, we notice that the gap becomes narrower as P t increases. Figure 3 Graphical confirmation of the four design criteria of the proposed precoder and hidden pilot BER performance improves as the power load on data symbol P s increases (the power load on pilot symbol P t decreases instead) if we have perfect CSI. However, BER performance in unknown channel conditions shows an error floor because of imperfect channel estimation. The performance gap between the known CSI and unknown CSI is noticeably larger when P t is low. Therefore to Figure 4 Channel estimation performance of the proposed scheme according to the power load on the pilot symbol P t a P s ¼ 0.9 and P t ¼ 0.1 b P s ¼ 0.5 and P t ¼ 0.5 c P s ¼ 0.3 and P t ¼ 0. www.ietdl.org reduce the performance gap between the known and unknown CSI values, enough portion of the power should be loaded on the pilot symbol in the low and moderate SNR range. However, if P t exceeds approximately 0.7, BER performance declines because of insufficient power loaded on the data symbol even though the channel estimation is good.
Next, we compare the performance of the MB-OFDM and proposed schemes. We also use the MMSE channel estimation and equalisation schemes [10] for MB-OFDM. For comparison, we consider two examples in the case of the MB-OFDM scheme. One example uses 12 equally spaced and power-allocated pilots for channel estimation (just as with the MB-OFDM proposal), and the other uses 32 pilots (just as with the maximum channel length). For the proposed scheme, the power load on the pilot symbol P t is set to 0.7. Figs. 6 and 7 show a comparison of channel estimation and BER performance, respectively. As you can see from the figures, the channel estimation performance of the proposed scheme is better for 12 pilot tones and poor for 32 pilot tones. Therefore it is clear that the channel estimation performance can be increased as the number of pilot tones increases in the MB-OFDM scheme.
However, in the case of BER, the performance of the proposed scheme is much better if the channel is known. This is because the proposed precoder can support an averaging effect for noise in the frequency domain, can spread each symbol over the entire transmission bandwidth and can achieve a high degree of frequency diversity as mentioned in Section 3.2. In the case of the unknown channel, the BER performance of the proposed scheme is a little worse than that of the MB-OFDM scheme, which uses 32 pilot tones, although it is much better in the 12 pilot tone case.
We can see that the performance of the MB-OFDM scheme improves if we use a large number of pilot tones (more than channel length) for channel estimation. Figure 9 Comparison of the PAPR reduction performance between the proposed, spreaded MB-OFDM and MB-OFDM schemes according to the power load on the pilot symbol P t a P s ¼ 0.9 and P t ¼ 0.1 b P s ¼ 0.5 and P t ¼ 0.5 c P s ¼ 0.3 and P t ¼ 0. www.ietdl.org
However, we should keep in mind that the UWB channel has a long delay spread (a large number of channel taps). Thus, we have to sacrifice bandwidth efficiency (or the achievable data rate) instead of increasing the accuracy of channel estimation and the corresponding BER performance. Fig. 8 shows a comparison of the normalised bandwidth efficiency (NBWE) between the proposed and MB-OFDM schemes. NBWE is defined as NBWF ¼ (1 À BER) Â #of data tones #of total tones (34)
As can be seen in the figure, the bandwidth efficiency of the proposed scheme is much better than that of the MB-OFDM scheme. In the case of the MB-OFDM scheme, the 32 pilot tone case is worse than the 12 pilot tone case for CM2, even though the BER performance is better.
Finally, we investigate the PAPR reduction capability of the proposed scheme. Fig. 9 shows a comparison of PAPR reduction performance between the proposed, spreaded MB-OFDM based on Walsh-Hadamard codes and MB-OFDM schemes according to the power load on the hidden pilot symbol P t . As shown in the figure, the theoretical and simulated performances of the proposed scheme are similar, and we observe that, as described in Criterion 4, the PAPR reduction of the proposed scheme improves as the total power allocated to the hidden pilot P t increases. However, as mentioned previously, the power load on the hidden pilot should be limited because an increase in P t causes a decrease in P s which results in degraded BER performance. From the figures, we can say that the PAPR performance of the proposed scheme shows reasonably good performance if the power allocated to the hidden pilot exceeds 0.5.
Conclusions
We proposed a hidden pilot scheme equipped with precoding and its application to OFDM-UWB systems. We determined the design criteria for designing the precoder and hidden pilot from the perspectives of channel estimation, frequency diversity and PAPR. On the basis of the design criteria, the precoder and hidden pilot were designed providing more frequency diversity, reduced PAPR, mitigated self interference with enough pilots for channel estimation and almost no loss in bandwidth efficiency. Through simulations, we confirmed the benefits of the proposed scheme and showed improved performance over the MB-OFDM scheme in a realistic UWB channel environment.
